Purpose of review Primary (immotile) cilia are specialized organelles present on most cell types. Almost all of proteins associated with a broad spectrum of human cystic kidney diseases have been localized to the region in or around the cilia. Abnormal cilia structure and function have both been reported in animal models and human cystic kidneys. The goal of this review is to discuss current understanding of the mechanisms by which abnormal genes/proteins and cilia interact to potentially influence renal cystogenesis.
INTRODUCTION
In the almost 15 years since a connection was first made between the primary cilium and polycystic kidney diseases (PKDs) [1] , there has been a substantial and growing interest in this organelle, once thought to be 'vestigial.' Studies in normal and cystic cells, animals and human kidneys have provided important insights into the role of cilia in normal kidney physiology and cystogenesis. This review will provide an overview of normal cilia structure and function, evidence for the role of cilia in the cystic kidney diseases collectively known as 'ciliopathies' and ongoing areas of investigation and controversy as highlighted in recent published literature.
STRUCTURE AND LOCALIZATION OF PRIMARY CILIA
Cilia are specialized cell organelles that protrude out from the cell membrane and are tethered to the membrane by basal bodies (Fig. 1) . They are comprised of microtubules aligned along the longitudinal axis and are categorized based on the structure of their microtubules and their function [2] . Motile cilia have a '9þ2' structure or a '9þ0' structure and beat in rhythmic fashion in order to facilitate cell or fluid movement. Immotile, or primary, cilia have a '9þ0' structure and do not move constitutively, but can bend in response to flow or mechanical stressors. Primary cilia are present on almost all cell types, including epithelial cells, endothelial cells and fibroblasts [3 & ]. Only a single primary cilium is typically present on each cell, although multiple cilia may be present in pathogenic states. In the kidney, primary cilia are present on the apical (urinary/luminal) surface of epithelial cells from all tubular segments.
The basal bodies (mother centrioles) serve as docking sites for proteins targeted to the cilia. Multiple proteins (cargo) traffic into and out of the cilia through a tightly regulated process called intraflagellar transport (IFT). Antegrade movementinto the cilia is facilitated by the carrier proteins, Kinesin-2 motors. Retrograde movement out of the cilia is facilitated by the carrier proteins, IFT-dynein motors [4, 5] .
THE RENAL 'CILIOPATHIES'
A potential role of cilia in the pathogenesis of PKD was first suggested in 1999, when the C. Elegans (worm) genes, LOV1 and PKD-2, homologues of the human autosomal dominant polycystic kidney disease (ADPKD) genes, PKD1 and PKD2, respectively, were found to encode proteins that localized to flagella [1] . Subsequently, fibrocystin, the protein product of the autosomal recessive polycystic kidney disease (ARPKD) gene, PKHD1, was also found to localize to cilia [6] . Additional evidence for common pathogenic mechanisms in ARPKD and ADPKD was provided by the finding that PC1 and PC2 colocalized in cilia with the proteins from two ARPKD mouse models, the orpk and cpk mice [7, 8] . Proteins associated with other cystic kidney diseases have also been localized to the cilia or basal bodies, further expanding the family of 'ciliopathies' (Table 1) . These include proteins associated with nephronophthisis, Bardet-Biedl syndrome (BBS), Meckel-Gruber syndrome and Joubert syndrome [9] .
CILIA IN POLYCYSTIC KIDNEY DISEASE PATHOGENESIS
The localization of multiple PKD-associated proteins to the cilia and basal bodies was an important step toward defining the pathogenesis of cystic kidney diseases [10] . However, the mechanisms by which cilia participate in normal physiology and PKD pathogenesis were largely undefined [3 & ,11]. Numerous subsequent studies have attempted to identify links that connect cystic kidney disease genes, cilia and cystogenic processes. Multiple downstream/ effector processes implicated in cystogenesis have
KEY POINTS
Cilia are complex organelles present on most cell types in the body, including renal epithelial cells, and participate in processes that may contribute to cyst formation such as flow-mediated intracellular calcium release.
Proteins from nearly all of the human cystic kidney diseases have been localized to the cilium or basal body, and abnormalities in cilia structure, function, or both are common features of the 'ciliopathies.'
Newer studies suggest that cilia form a distinct calciummediated signaling microenvironment separate from the cytoplasm, are capable of modulating the severity of PKD, and that their structure or function may be modulated by both cilia-associated and nonciliaassociated proteins.
There remain many unanswered questions about how the individual gene defects interact with cilia and downstream signaling processes to initiate cyst development and progressive cystic kidney disease. Orofacial digital syndrome type 1 localize to primary cilia on renal epithelial cells. Proteins are transported in and out of the cilia by Kinesin-2 or IFT-dynein motors, respectively. Several NPHP proteins localize to the transition zone, the region between the cilia and the basal body. BBS-related proteins localize to the basal bodies where some aggregate to form the BBsome. Abnormal ciliary proteins are thought to interact with cilia to affect downstream signaling pathways including those related to cyclic AMP, mTOR, Canonical Wnt, G-protein coupled receptors, epidermal growth factor receptor family, MAP/ERK, planar cell polarity, calcium and cell cycle signaling. The exact mechanisms by which these interactions occur remain poorly defined. BBS, Bardet-Biedl syndrome; ERK, extracellular signal-related kinase; mTOR, mammalian target of rapamycin; NPHP, nephrocystin; OFD1, orofacial digital syndrome type 1; PC1, polycystin 1; PC2, polycystin 2. been implicated in cilia-associated signaling. These include pathways related to cyclic AMP, mammalian target of rapamycin (mTOR), canonical Wnt, G-protein-coupled receptors, epidermal growth factor receptor family, MAP/extracellular signal-related kinase (ERK), planar cell polarity, calcium and cell cycle signaling [9] . Despite these advances, there remain many unanswered questions about how mutant kidney proteins, cilia and downstream signaling pathways interconnect to produce cysts. Several animal models have implicated abnormal cilia structure in PKD pathogenesis. The orpk mouse is an ARPKD model with a mutation in the gene that encodes polaris (alternatively called IFT88), an IFT protein. Renal tubular cells from orpk mice have short cilia and targeted disruption of IFT88 gene expression results in absent cilia in another animal model (chlamydomonas) [12] . Mice that lack kidney-specific expression of KIF3A, one of the essential IFT-associated kinesin motors [13] , are born with normal kidneys, but develop progressive renal cystic disease in the postnatal period. Renal tubular epithelial cells from this model lack cilia and have characteristics typical of cystic epithelia, including increased cell proliferation, apoptosis and abnormal epidermal growth factor receptor (EGFR) localization [14] [15] [16] . These findings suggested that abnormal or absent cilia can produce polycystic kidneys, but cilia are not required for normal kidney development. In contrast, PKD1 null mice form normal-appearing cilia, suggesting that polycystin is not required for normal cilia assembly [17] .
Abnormal cilia function has also been implicated in cystic kidney disease pathogenesis. The postulated mechanism is that cilia function as mechanosensors, transmitting flow signals into chemical signaling pathways in the cell. Abnormal cilia structure or function would be expected to cause abnormal response to flow, thereby altering downstream signaling processes and promoting activation of procystogenic pathways. Because of the putative role of PKD2 as a calcium channel [18] , many key observations have centered around the role of cilia and polycystins in flow-induced changes in intracellular calcium, an important component of second messenger signaling pathways. Normal kidney cells with intact cilia show increases in intracellular calcium in response to flow-induced cilia bending [19] and chemical removal of cilia blocks that response [20] . In contrast, cells from PKD1 knockout mice have normal-appearing cilia but exhibit impaired flow-mediated calcium influx responses [17] . Flow-induced calcium signaling has also been shown to be dependent on PC2-mediated calcium influx and removal of cilia abolishes the response [17] . Interestingly, studies in the orpk mouse (which have stunted cilia) showed that renal tubule epithelia from mutant mice have increased, dysregulated calcium entry and abnormal localization of PC2 to the entire apical membrane instead of only the cilia [21] . Taken together, these studies show that normal flow-induced intracellular calcium signaling requires not only intact cilia and polycystins/related PKD proteins but also regulation of PC2 localization to maintain tight control of calcium entry.
Studies in other ciliopathies have also supported a role of cilia in the pathogenesis of not only cystic kidney disease, but also extrarenal manifestations, particularly those involving the skeleton, liver and eyes [2] . Nephronophthisis and BBS are both heterogeneous autosomal recessive cystic kidney disorders with multiple causative genes and phenotypes distinct from ARPKD and ADPKD (Table 1) . Nephronophthisis is associated with significant ocular and other extra-renal manifestations [22] and multiple NPHP proteins have been localized to the cilia, specifically to the transition zone, the region at the base of the cilia that connects to the basal body [11] (Fig. 1) . Notably, patients with NPHP2, which is caused by mutations in the inversin (inv) gene, have polycystic kidneys and situs invertus, highlighting the role of cilia in mediating not only cystic kidney disease but also left-right axis determination during development [23] . BBS also has prominent extrarenal manifestations, including retinal abnormalities, obesity, diabetes mellitus, cognitive delays and polydactyly [24 & ]. Multiple BBS proteins localize to the basal body, including seven that form a complex called the BBsome, which has been shown to be essential for ciliogenesis [25] . Basal body dysfunction in multiple cell types (e.g. retinal, renal and pulmonary) is thought to underlie the pleiotropic aspects of BBS [26] .
RECENT INSIGHTS AND CONTROVERSIES
Although a central role for cilia in the pathogenesis of PKD remains undisputed, recent studies have called into question several purported mechanisms by which cilia participate in cystogenesis. These studies highlight the complexities of these processes, and may help explain the widely variable clinical features and disease course among the ciliopathies.
Interrelationship of polycystins and cilia
To study the interrelationship between loss of polycystins and loss of cilia, Ma et al. [27 && ] created mice that lacked postnatal expression of PKD1 or PKD2, KIF3A or IFT20 or a combination of PKD1/KIF3A or PKD2/IFT2. As predicted, mice that lacked PKD1 or PKD2 but had intact cilia had severe cystic kidney disease by postnatal day 24; mice that had intact polycystins but lacked KIF3A or IFT20 had mild cystic kidney disease. Unexpectedly, they found that mice that lacked PKD1 or PKD2 and lacked intact cilia ('double knockouts') had cystic kidney disease that was milder than the animals that lacked polycystin but had intact cilia. This suggested that the loss of cilia conveyed a protective effect by slowing cystogenesis. In further experiments, they found that altering polycystin expression levels did not alter the mild cystic kidney disease seen in the cilia null mice. Thus, the severity of cystic kidney disease after polycystin loss was dependent on the presence of intact cilia, but the severity of disease after loss of cilia was independent of polycystin levels. Similar findings were confirmed in later (adult)-onset ADPKD models. This 'cilia-dependent cyst-activating mechanism' was found to be independent of several of the known procystogenic pathways, including mitogen activated protein kinase (MAPK)/ERK, mTOR and cyclic adenosine monophosphate (cAMP)-related signaling. The identification of a new mechanism for altering cystic kidney disease severity and progression raises the possibility of new pathways and targets for pharmacologic inhibition.
Cilia assembly/disassembly and cystogenesis
Mice lacking max-interaction protein 1 (Mx1), a transcription factor, develop slowly progressive polycystic kidney disease. However, Mx1 is not expressed in the cilia or basal bodies, so the relationship of Mx1 to cystogenesis was not evident. To explore potential mechanisms, Ko et al. [28 & ] examined kidneys from Mx1-deficient mice and confirmed that they had a typical polycystic phenotype, including truncated cilia and increased activation of the proproliferative bRAF/MEK/ERK signaling pathway. Normal cilia length could be restored by ectopic re-expression of Mx1. They also found that Mx1-deficient kidneys have decreased expression of several cilia structural genes, including IFT20. Further studies showed that Mx1 is a positive regulator of IFT20 expression via effects on the transcription factor, Ets. This study identified a novel mechanism by which nonciliary genes could impact cilia assembly and structure.
Cilia assembly and disassembly during cell division are tightly regulated by acetylases and deacetylases, which also regulate the assembly of centrosomes during cell division. PKD epithelia have increased polyploidy consistent with abnormal centrosome regulation. Zhou et al. [29 & ] found that overexpression of SIRT2, a nicotinamide adenine dinucleotide (NAD)-dependent protein deacetylase that regulates centrosomes and cilia disassembly, decreased the number of renal epithelial cells with cilia, whereas SIRT2 inhibition increased the number. SIRT2 overexpression also increased polyploidy. These findings suggested that dysregulated SIRT2 expression in cilia and centrosome could induce polyploidy and cilia defects characteristic of PKD and suggested a new potential therapeutic target.
Cilia-associated calcium signaling
Flow-mediated intracellular calcium release regulated by polycystins is one of the earliest pathways implicated in cystogenesis [17] . However, direct measurements of cilia calcium concentrations and channel activity have not been possible. Decaen et al. overcame this barrier and provided the first report of direct recording of cilia calcium channel activity [30 && ]. They then applied this novel methodology to further understand calcium concentration and movement in the cell cytoplasm and cilia [31 && ]. They found that basal cilia calcium concentrations were several times higher than those of the cytoplasm and that changes in ciliary calcium concentration could occur without causing changes in cytoplasmic calcium. They further identified a unique heteromeric TRP channel, PKD1L1-PKD2L1, which was responsible for regulating the calcium concentration in cilia. The findings of this study were in direct contrast to previously published studies that suggested that PKD1/PKD2-mediated calcium entry into the cilia was transmitted to the cytoplasm to influence intracellular calcium concentrations. Live cell imaging studies by Jin et al.
] provided additional evidence that calcium signaling could be modulated in the 'ciliaplasm' separately from the cell body cytoplasm.
Kuo et al.
[33 && ] examined the role of cilia and calcium signaling in cystogenesis by studying the impact of intracellular calcium channel disruption on signaling. Stable cell lines lacking PC2 (which resides on endoplasmic reticulum and the cilia membrane) or one of two inositol 1,4,5-trisphosphate receptors (InsP3R) subsets all developed cysts with intact cilia by 2 weeks. By 8 weeks, two cell lines (PC2 and InsP3R3) had intact cilia and cysts, but one cell line (InsP3R1) lost cilia and had larger cysts than the other two. These studies suggest that disruption of intracellular calcium at the endoplasmic reticulum alone is sufficient to cause cysts and that intact cilia are not required for cyst initiation or growth, but may modulate the severity of cystic kidney disease in this model system. However, ADPKD iPS cells had a decreased amount of PC2 on the cilia. Reintroduction of normal PC1 'rescued' the PC2 defect, suggesting that PC1 modulates cilia expression of PC2.
Interactions of cilia-associated polycystic kidney disease proteins
Orofacial digital syndrome type 1, caused by mutations in OFD1 (Table 1) , is a ciliopathy, but its relationship to the other cilia-associated PKD proteins was not known. Jerman et al. [37 & ] found that OFD1 is part of the large signaling complex that contains PC1, PC2, EGFR and flotillins. In human ADPKD cells, they further showed that loss of PC1 cilia localization was associated with loss of cilia localization of the other protein complex members. These studies highlight the interrelatedness of the various ciliopathy proteins and suggest possible mechanisms by which altered expression or localization of a mutant protein can impact expression or localization of the other (normal) cilia-associated proteins.
CONCLUSION
A large body of research over the last 15 years has provided important insights into the role of cilia in the pathogenesis of cystic kidney diseases, including localization of multiple cystic kidney disease proteins to the cilia or basal bodies and recognition that the 'ciliopathies' share many pathophysiologic features. Recent studies, however, have highlighted the complexity of the interplay of mutant proteins, cilia and cystogenesis. Although many ciliopathies demonstrate abnormal or absent cilia, cilia are not required for cyst formation. The presence of intact cilia may, in fact, promote worsening cystic kidney disease in the presence of abnormal PKD proteins [27 && ]. New mechanisms whereby noncilia-associated proteins impact cilia structure and function have been identified [ ]. These and other studies provided important insights into the role of cilia in the pathogenesis of cystic kidney disease, but the exact mechanisms by which mutant cystic kidney disease genes and cilia actually cause cysts remain poorly defined. Elucidation of these mechanisms may provide new targets for therapeutic interventions in these diseases.
